Baryonic feedback effects lead to a suppression of the weak lensing angular power spectrum on small scales. The poorly constrained shape and amplitude of this suppression is an important source of uncertainties for upcoming cosmological weak-lensing surveys such as Euclid or LSST. In this first paper in a series of two, we use simulations to build a Euclidlike tomographic mock data-set for the cosmic shear power spectrum and the corresponding covariance matrix, which are both corrected for baryons following the baryonification method of Schneider et al. [1] . In addition, we develop an emulator to obtain fast predictions of the baryonic suppression effects, allowing us to perform a likelihood inference analysis for a standard ΛCDM cosmology with both cosmological and astrophysical parameters. Our main findings are the following: (i) ignoring baryonic effects leads to a greater than 5σ bias on the cosmological parameters Ω m and σ 8 ; (ii) restricting the analysis to the largest scales, that are mostly unaffected by baryons, makes the bias disappear, but results in a blow-up of the Ω m -σ 8 contour area by more than a factor of 10; (iii) ignoring baryonic effects on
Introduction
Within the next few years, large-scale weak lensing surveys will provide unprecedented data to study the cosmological model (ΛCDM) and its unknown cold dark matter and dark energy components. The range of scales probed by future surveys like Euclid 1 , LSST 2 , and WFIRST 3 will include the highly nonlinear regime of structure formation that has to be modelled with numerical simulations.
Over the last decades, gravity-only N -body simulations have been continuously developed towards higher particle numbers and improved accuracy. As a result, they are now close to approaching percent-level precision regarding the non-linear clustering signal [e.g. Refs. [2] [3] [4] . However, N -body simulations are time-consuming and cosmological parameter estimation requires fast predictors that can be used to scan the high-dimensional parameter space of ΛCDM. The current approach of cosmological inference therefore relies on simulations to adjust fitting functions and regression routines based for example on the halo model [5] [6] [7] [8] , on direct emulation techniques [9] [10] [11] , or on neural networks [12] [13] [14] [15] .
However, it has become increasingly evident over the last few years that baryonic processes (which are ignored in gravity-only N -body simulations and associated regression techniques) have a significant effect on current and future weak-lensing observations. Several hydrodynamical simulations which include feedback effects from active galactic nuclei (AGN) and supernova explosions have shown that the clustering signal is affected by 10-30 percent at the nonlinear scales [16] [17] [18] [19] [20] [21] [22] [23] . Similar effects have been found using the more analytical and physically intuitive approach of the halo model [24] [25] [26] [27] . A short review about the baryonic effects and their connection to cosmology is provided in Chisari et al. [28] .
An alternative model halfway between the halo model and simulations has recently been introduced in the Refs. [1, 29] . This baryonification approach relies on an empirical parametrisation of halo profiles (including gas, stars, and dark matter) and modifies the output of a gravity-only N -body simulation by slightly displacing particles around halo centres. The advantage of baryonifying N -body simulations is that the baryonic effects are empirically parametrised making it possible to perform many fast realisations of the nonlinear cosmic density field with varying baryonic parameters. As a result it is possible to go beyond the power spectrum, studying for example weak-lensing maps via peak statistics [30] or a deep-learning approach [31] .
The present paper is the first in a series of two, where we build upon the baryonification model of Ref. [1] to perform a cosmological forecast analysis for the cosmic shear power spectrum of a stage-IV weak-lensing survey. We construct mock observations based on a Euclid-like survey configuration with a covariance matrix obtained from a suite of baryonified N -body simulations. This allows us to perform a number of Monte-Carlo Markov Chain runs to study the effects of baryons on the posterior contours of cosmological and baryonic parameters.
There are several questions we want to address with this paper: (i) To what accuracy will it be possible to measure cosmological parameters of the ΛCDM model if we marginalise over baryonic uncertainties? (ii) By how much will the errors decrease if we fix the baryonic parameters to their true values, implying that they can be constrained with other observations? (iii) How much constraining power do we loose if we only rely on data from large scales that remain unaffected by baryons? (iv) What is the bias introduced if we analyse all the data but completely ignore the effects of baryons in the prediction pipeline? Next to these main questions, we also check the validity of several simplifying assumptions, such as ignoring baryons in the covariance matrix and keeping baryonic effects decoupled from cosmology. Finally, we also investigate the effects of additional freedom in the redshift dependence of the baryonic suppression signal.
All the results from the present paper assume a five-parameter ΛCDM cosmology where neutrinos are defined to be massless. A more realistic setup, including massive neutrinos as well as several extensions beyond the ΛCDM framework, will be discussed in the second paper of this series [see Ref . 32] .
The present paper is structured as follows: In Sec. 2 we revisit the baryonification approach and we present the baryonic emulator that allows us to speed up the calculations, making it fit for cosmological inference. In Sec. 3 we present our mock data-set including the covariance matrix which is based on a suite of simulations. Sec. 4 describes the results of our parameter inference for both the cosmological and the baryonic parameters. Finally, we dis-cuss simplifying model assumptions in Sec. 5 and we conclude in Sec. 6 . The Appendices A.1 and A.2 provide further details on the construction and the testing of the baryonic emulator.
2 Baryonic effects on the matter power spectrum
In this section, we review the baryonic correction model developed in Schneider et al. [1, henceforth S19] and we present the baryonic emulator built upon this model. The latter is required to speed up the prediction pipeline in order to perform Markov-Chain Monte-Carlo (MCMC) sampling for cosmological parameter inference.
Summarising the baryonic correction model
The baryonic correction (BC) model consists of a numerical routine which aims to perturb gravity-only N -body simulations in order to account for the effects of baryonic feedback on the large-scale structure of the universe. The idea of the model is to displace simulation particles around each halo so that the original NFW profile (ρ nfw ) is transformed into a final baryon-dark matter profile (ρ bcm ), i.e., ρ nfw (r) −→ ρ bcm (r) = ρ clm (r) + ρ gas (r) + ρ cga (r), (2.1) where the latter consists of a central galactic (cga), a gas, and a collisionless matter (clm) component. Note that ρ clm is dominated by dark matter but also contains satellite galaxies and intracluster stars. We now summarise the different components that go into the above relation. More details about the parametrisation and its comparison to observations can be found in S19 [1] .
• The stellar profile of the central galaxy (ρ cga ) is described by the truncated power law
(2.
2)
The above relation only provides an approximate fit to realistic galaxies. Note, however, that the shape of the stellar profile has no influence on the clustering at scales relevant for weak lensing. The fractions of stars in the central galaxy (f cga ) and the total stellar fraction (f star ), including satellite galaxies and stars corresponding to the intracluster light (f sga ) are defined as [18] [19] [20] 24] . Note that the BC model parameters are not fitted to the power spectrum but to the gas and stellar fractions of each simulation. See S19 [1] for more details. The grey area in the background shows the prior range assumed in this paper.
This profile is furthermore allowed to react to the other components via the adiabatic relaxation prescription of Ref. [34] . A detailed description of this procedure is given in S19.
• Finally, the gas profile (ρ gas ) is described by the relation
where r co = 0.1 × r 200 and r ej ≡ θ ej × r 200 .
(2.6)
The gas fraction is obtained by subtracting the stellar fraction from the cosmic baryon fraction
Note that the slope of the gas profile (described by the parameter β) is assumed to be mass-dependent with a shallower slope for galaxy-groups compared to clusters. Eq. (2.5) has been shown in S19 to be in good agreement with X-ray observations.
The parametrisation of the BC model summarised above has five free parameters, three related to the gas profile (M c , µ, θ ej ) and two related to the stellar fractions (η cga , η star ). The model is furthermore sensitive to the cosmic baryon fraction f b , which we will show later on to affect the baryonic suppression signal of the matter power spectrum. While the baryon correction method consists of an approximative approach based on outputs of gravity-only N -body simulations, it is in good agreement with full hydrodynamical simulations. In S19 it is shown that if the BC model parameters are tuned to reproduce the gas and stellar fraction of a given hydrodynamical simulation, then the baryonic suppression effects on the matter power spectrum can be predicted with an accuracy of 2 percent or better up to k = 10 h/Mpc. Fig. 1 shows a comparison of the power spectra from the baryonic correction model and the hydrodynamical simulations OWLS [24] , Cosmo-OWLS [18] , Horizon-AGN [20] , and Illustris-TNG [19] . As explained above, the BC model parameters M c , β, η cga , and η sga are not fitted to reproduce the power suppression, but they are selected to match the gas and stellar fractions within r 500 of the corresponding simulation. As the remaining parameter θ ej cannot be well constrained with gas fractions at only one enclosed mass scale, it is set to the fiducial value of θ ej = 4. The predictions from the BC model are shown as coloured lines, while the results from the hydrodynamical simulations are plotted as broad coloured bands. The good agreement between model and simulations is highly non-trivial and illustrates how well the BC model is able to capture the baryonic effects on the large-scale structure of the universe 4 .
The grey area shown in Fig. 1 will be discussed in more detail in Sec. 4. It represents the selected prior-range of the baryonic model parameters. This prior is conservative enough to include all known results from hydrodynamical simulations and describes the current uncertainties of baryonic effects on the cosmological clustering signal.
Cosmology-dependence of the baryonic effects
So far, all weak-lensing cosmological studies that included baryonic effects have implicitly assumed them to be independent of cosmology [see e.g. Refs. [35] [36] [37] [38] [39] . For the case of the cosmic shear power spectrum, this means for example that a cosmology-independent baryonic correction term can be simply multiplied to the dark-matter-only prediction of the matter power spectrum, considerably simplifying the analysis. In this section, we check the validity of this assumption by investigating potential correlations between the baryonic suppression effect and individual cosmological parameters.
We start by running one cosmological gravity-only N-body simulation assuming a standard 5-parameter ΛCDM cosmology (with massless neutrinos) with Ω m = 0.315, Ω b = 0.049, h 0 = 0.674, n s = 0.96, σ 8 = 0.811 before calculating the matter power spectrum at z = 0. We then apply the baryon correction model (with default parameter values of M c = 10 14 M /h, µ = 0.4, θ ej = 4, η cga = 0.3, and η cga = 0.6) and determine the ratio of the power spectrum with and without baryonic correction. As a next step we run more N -body simulations where we vary each if the cosmological parameters individually while keeping the other parameters unchanged. For each of these simulations, we again determine the ratio of the power spectrum. In Fig. 2 we plot the resulting ratios of the power spectra with and without baryon correction for different values of the individual cosmological parameters. The top panels show that neither varying h 0 , σ 8 , nor n s does significantly affect the spoon-like baryonic signal. The bottom-left and centre panels, on the other hand, show that varying Ω b or Ω m has a direct influence on the amplitude of the baryonic suppression. Finally, the bottom-right panel reveals that simultaneously changing Ω b and Ω m while keeping the baryon fraction f b = Ω b /Ω m fixed has no visible effect on the ratio of the power spectrum. We therefore conclude that the amplitude of the baryon effect is directly dependent on the comic baryon fraction f b , but largely independent of other cosmological parameters. The relation between baryonic feedback effects and the cosmic baryon fraction is not surprising. It is a simple consequence of the fact that feedback effects can have a larger influence on cosmological structure formation, if there is more gas compared to the total amount of matter. Regarding the baryonic correction model, the direct influence of the cosmic baryon fraction is visible in Eq. (2.5) and Eq. (2.7). A larger f b automatically leads to a stronger influence of the gas profile and therefore potentially stronger baryonic effects.
However, it is important to notice that the dependence between the baryonic feedback effects and the cosmic baryon fraction is a generic feature that is not restricted to the BC model. For example, it is also visible when comparing results from the hydrodynamical simulations OWLS and cosmo-OWLS, which are both based on the same AGN feedback recipe [see e.g. Ref . 40] . The fact that they show different amplitudes for the power suppression is a direct cause of different assumptions for the cosmic baryon fraction (one based on WMAP3 [41] and the other based on WMAP7 [42] cosmologies).
All N -body simulations described in this section were run with the code Pkdgrav3 [43, 44] assuming a box length of L = 256 Mpc/h and a particle number of N = 512 3 . This box-length and resolution have been shown to be sufficient for converged ratios of the power spectrum at the percent level [see Ref . 29] . For the halo finding (which is a necessary step of the baryonification procedure) we used the AHF code described in Ref. [45] .
Emulation of model parameters
In order to perform cosmological parameter inference, we require a fast pipeline to predict the tomographic cosmic shear power spectrum. This is only possible if we have a fast regression routine for the power suppression caused by baryonic effects that can be included into a MCMC sampling routine. The method should allow us to vary both the free baryonic parameters and the cosmological baryon fraction which affects the signal as established in the previous section. Following the example of the EuclidEmulator [10], we construct an emulator for the baryonic suppression signal
where P dmo (k, z) and P dmb (k, z) are the absolute power spectra of the uncorrected (darkmatter-only) and the baryonified (dark-matter-baryon) density field. We thereby include the cosmological scales k ≤ 10 h/Mpc and the redshift range z ∈ [0, 2]. We start by building a training set (i.e. the experimental design) using a optimised latin hypercube sampling (LHS) strategy with 1000 points in the 6 dimensional parameter space and for five fixed redshift values z = {0, 0.5, 1, 1.5, 2}. At each sample point of the experimental design, we then apply the baryonic correction model, generating a vector in k for S BCM . We do not run separate N -body simulations for this step, which considerably speeds up the process and allows us to go to a large experimental design. This is an approximation that is only accurate if changing the cosmology of the underlying N -body simulation has no (or very little) effect on the suppression signal S BCM . In Fig. 2 we have shown that this is indeed the case regarding the parameters h 0 , σ 8 , and n s . For the remaining parameters Ω m and Ω b , the situation is more complicated. While Fig. 2 clearly shows that they do have an effect on S BCM , it is unclear wether this is entirely due to the parametrisation of the BC model or also due to the underlying simulation. In Appendix A.1, we further investigate the provenance of the cosmology dependence on S BCM , showing that using simulations with different values of Ω m while keeping the BC model parameters fixed, does not lead to substantial changes of S bcm . This confirms that using one single N - Table 3 of Appendix A.2. More comparison results from the test sample are shown in Fig. 13 .
body simulation with fixed cosmology for the experimental design only introduces sub-percent errors for parameter values within the range of the emulator.
Once the experimental design is established, we construct the baryonic emulator using the uncertainty quantification software UQLab [46] which follows a spectral decomposition method called polynomial chaos expansion. The algorithm generates a surrogate model which can be evaluated for an arbitrary point in the parameter space. More details on the emulation technique can be found in Ref. [10] .
The ranges for each of the six emulated parameters are given in Table 1 . Note that we do not emulate the redshift parameter but we use direct interpolation at each k-mode instead. In the Appendix A.2 we show that this interpolation strategy results gives accurate results at all redshifts between z = 0 − 2. The f b parameter is emulated between the values 0.13 and 0.21. Beyond this range we use the approximate relations
We have checked that this provides a good fit to the simulation-based results. Note furthermore, that the posteriors of the resulting inference analysis shown in Sec. 4 (assuming either free or fixed baryonic parameters and including all scales of the mock sample) lie within the range of the emulator where the above approximation does not apply. In order to test the baryonic emulator, we again use the optimised LHS method to assign six sample points in the parameter space, comparing the power suppression from the emulator with the one directly obtained from the baryonification method. In Fig. 3 we show a comparison from two of the six sampling points, the other four are plotted in Fig. 13 of Appendix A.2. The upper part of the figure represents the expected (continuous line) and emulated (dashed line) power suppression of the matter power spectrum, whereas the lower part represents the deviations between the two, i.e. the emulation error. While the emulator is very precise at sample point 1 it shows some small deviations at sample point 0, which, however, stay below ∼ 3 percent at all k-modes. The other test sample points show a similar behaviour (see Fig. 13 ).
In order to study the accuracy of the emulator in a more quantitative way, we follow the approach presented in Fig. 4 . Using the test-set with six sample points at 9 different redshift values, we study the error distribution as a function of k-modes (assuming 20 logarithmically spaced k-bins). The distribution of the relative error ∆ = P emu /P true − 1 is plotted in the left-hand panel of Fig. 4 , where the different colours refer to the different k-bins. Based on these distributions, we define 1-σ and 2-σ errors that are plotted as a function of k-modes in the right-hand panel of Fig. 4 . Not surprisingly, the emulator works best at small values of k. The poorest performance is reached on scales around k = 1 Mpc/h, while the precision improves again towards the smallest scales. In total the error of the emulator remains within 1.5 percent at the 1σ and within 3 percent at 2σ confidence level.
Weak-lensing predictions and mock observations
In this section, we describe both our prediction pipeline of the weak-lensing angular power spectrum and the construction of our mock observations. We thereby provide information on the modelling of matter power spectrum, the tomographic binning, the map generation, and the construction of the covariance matrix.
Predicting the tomographic shear power spectrum
The prediction of the tomographic cosmic shear power spectrum is based on the Limber approximation [47] . This means that the spherical harmonics power spectra are calculated via the integral
where the co-moving distance χ goes from 0 to the horizon χ H . The lensing weights g i are given by
and n i (z) stands for the galaxy distribution at redshift-bin i. For the full galaxy distribution, we assume
which is a reasonable functional form for future galaxy survey such as Euclid. In our analysis, we assume three redshift bins between z = 0.1 and 1.5 with sharp bin-edges and equal galaxy counts, leading to the bin-sizes ∆z 1 = [0.1, 0.478], ∆z 2 = [0.478, 0.785], and ∆z 3 = [0.785, 1.5].
In order to mimic the effect of intrinsic alignment, we furthermore include the nonlinear linear alignment model of Ref. [48, 49] . The model accounts for intrinsic-intrinsic and intrinsicshear correlations by adding one free model parameter A IA describing the amplitude of the effect. For simplicity and in accordance with previous work [e.g. Refs. 37, 50], we ignore potential redshift and luminosity dependence of the model.
The nonlinear baryon-corrected power spectrum appearing in Eq. (3.1) is given by
where S BCM is the emulated baryonic suppression term defined in Eq. (2.8) and P dmo (k, z) is the nonlinear dark-matter-only power spectrum. For the latter, we use the revised halofit model of Takahashi et al. [5] . The underlying transfer function is based on the Eisenstein and Hu [51] fitting function. The revised halofit procedure has an accuracy of about five percent compared to high-resolution N -body simulations [3, 5] . Note that this will not be sufficient for future weak-lensing surveys such as Euclid or LSST, where more elaborate emulators will have to be used [see e.g. Ref. 10]. However, the approach is sufficient for a forecast study, especially since we use the same method for the predictions and the mock data set, thereby eliminating all systematic biases introduced by the halofit method.
The calculations of the auto and cross angular power spectra including the weak-lensing and the intrinsic alignment contributions are performed using the python package PyCosmo of Refregier et al. [52] . PyCosmo applies efficient numerical integration routines, allowing to obtain fast predictions necessary for high-dimensional parameter inference.
In Fig. 5 we plot the resulting angular power spectra of the cosmic shear. The 3 diagonal panels refer to the auto spectra, whereas the off-diagonal ones show the cross-spectra of the three tomographic bins. The coloured lines correspond to the predictions assuming a default cosmology from Planck and baryonic parameters varying within the ranges log M c = [13, 16] , µ = [0.1, 0.7] and θ ej = [2, 8] . This corresponds to the prior ranges given in Table 2 of Sec. 4. The black data points of Fig. 5 show the Euclid-like mock observations which we will discuss in the following section.
Mock observations and covariance matrix
We build weak-lensing convergence maps based on simulated light-cones in order to construct realistic mock observations of a Euclid-like survey. The light-cones are generated from Nbody simulations presented in Weiss et al. [30] that have been run using the gravity-only N -body code Pkdgrav3 [43, 44] . The initial conditions were created with the MUSIC code [53] assuming an Eisenstein and Hu [51] transfer function with a standard Planck cosmology [54] .
Each simulation contains N = 512 3 particles and has a box-length of L = 512 Mpc/h. The simulation boxes are replicated up to 1728 times to obtain a full-sky light-cone between redshift z = 0.1 − 1.5. During the replication process, all boxes are randomly shifted and rotated. The light-cone is constructed using 78 concentric shells at different redshifts. The setup used here allows for an accuracy of about five percent in terms of the angular power spectra [30] . While this level of accuracy is not quite sufficient for stage-IV weak lensing surveys [see e.g. Ref. 3] , it is good enough for the forecast purpose of this paper. For the weak-lensing map construction, we project each shell onto a HEALPix 5 map (of N side = 2048 resolution) and weight them according to the galaxy distributions of Eq. (3.3) for each of the three redshift bins defined in Sec. 3.1. The weighted HEALPix maps are then combined assuming the Born approximation. This leads to tomographic full-sky maps of the weak-lensing convergence.
In order to obtain realistic mock observations of a stage-IV survey, we cut out a galaxy footprint of 20000 deg 2 and add a Gaussian noise component of
to the map, where σ e = 0.3 is the root-mean-square of the shear ellipticity dispersion, n gal = 10 arcmin −2 is the galaxy density for each redshift bin (summing up to a total of 30 arcmin −2 over the full redshift range), and A pix is the area of a single pixel of the map. More details about the N -body simulations, the light-cone, and the convergence maps (including potential systematics) can be found in Weiss et al. [30] .
In total, we rely on ten N -body simulations with different random seeds. During the light-cone construction, we furthermore apply the replication process in five different ways, which means that we are left with 50 independent light cones. Each of these full-sky light cones can account for two survey footprints leading to 100 statistically independent maps. For every map we finally assume three different noise configurations ending up with 300 different maps for every redshift bin.
We create two different mock observations one for the dark-matter-only case and one including baryonic corrections. The latter is constructed by applying the baryonification method on each of the ten N -body simulations at every output in redshift. We assume the baryon parameters log M c = 13.8 in M /h, µ = 0.21, θ ej = 4, η star = 0.32, and η sga = 0.6, which corresponds to the benchmark model B of Schneider et al. [1] and consists of a realistic model that agrees both with X-ray observations and hydrodynamical simulations.
The covariance matrix of the tomographic shear auto and cross power spectra is defined as
where ... represents the average over all independent weak-lensing maps. The angular power spectra for the redshift bins i and j are given by C ij ( ), where i = j corresponds to the auto and i = j to the cross power spectra. The variable describing the angular scale has to be discretised in bins. For illustration purposes, it is often more convenient to define the correlation matrix
which is nothing else than the covariance matrix normalised to its diagonal values. We construct the covariance matrix based on the 300 baryonified and dark-matter-only weak-lensing maps at each of the three redshift bins. Individual angular power spectra are calculated using the routine anafast of the HEALPix software package. We thereby define 19 -bins going from = 20 to 4000. The bins are equally separated in logarithmic space.
In Fig. 6 we plot the correlation matrices obtained from both the dark-matter-only (left) and the baryon corrected maps (right). They include the three auto (11, 22, 33) and three cross correlation terms (12, 13, 23) for all 19 -bins. The top-panels show the correlation matrices without shape noise. They illustrate the well-known fact that small-scale modes are correlated, which is a direct consequence of the non-linear nature of structure formation. The bottom-panels, on the other hand, show the full correlation matrices including shape-noise errors. The latter strongly suppress any correlations, leading to subdominant off-diagonal terms over all scales. A closer look at Fig. 6 reveals that the differences between dark-matteronly and baryon-corrected covariances remain very small. This is not only true for the full covariance matrix but also for the noise-free case where potential deviations should be more visible.
Finally, with the covariance matrix at hand, we can build our mock observations. In principle this would be possible using the spherical harmonic auto and cross power spectra Figure 6 . Normalised covariance matrices of the tomographic cosmic shear power spectrum without and with baryonic effects (left and right). For the baryonic effects, we assume a realistic model that has been shown in S19 to agree well with X-ray observations (see benchmark model B-avrg in S19 [1] ). The top-panels are noise free, whereas the bottom panels include Gaussian shape noise expected for a Euclid-like survey (see text).
directly measured on our simulations. However, the maps suffer from a few-percent power depletion at the largest scales due to the limited box size and the randomisation procedure [see also Ref. 30 ]. Furthermore, we use the revised halofit framework of Takahashi et al. [5] for the predictions. The latter is only about 5 percent accurate in the non-linear regime, leading to a shift in the posterior, which becomes visible when stage-IV lensing survey configuration are assumed. We therefore only use the simulated maps for the covariance matrix and directly use the revised halofit results for the mock angular power spectrum. Note, however, that this is primarily an aesthetic choice which does not affect the conclusions of the paper.
The resulting mock power spectra are plotted as black symbols in Fig. 5 Table. 2.
Parameter forecast analysis
Based on the mock angular power spectrum shown in Fig. 5 , we now perform a number of likelihood analyses to estimate the constraining power of a stage-IV weak lensing survey, assuming a standard ΛCDM cosmology. This means we simultaneously vary five cosmological parameters (Ω b , Ω m , σ 8 , n s , h 0 ), one intrinsic-alignment parameter (A IA ), and three gas parameters (M c , µ, θ ej ). The remaining baryonic parameters describing the stellar components (η star , η cga ) are kept fixed for simplicity. This choice can be justified by the fact that the stellar components are relatively well known and have a comparable minor effect on the power spectrum (see Fig. 2 in S19). However, we explicitly investigate the role of stellar parameters in Appendix B, showing that they have no noticeable effects on cosmological parameter estimates of stage-IV weak lensing surveys. All model parameters including their prior ranges are summarised in Table 2 . The priors on the cosmological and intrinsic-alignment parameters are selected to be wide enough to not affect the posteriors. Only the baryon-abundance Ω b , which is not very sensitive to the weaklensing signal, has been set to a range motivated by (but significantly broader as) results from the CMB [55] and nucleosynthesis [e.g. Ref. 56 ]. The priors on the baryonic parameters are selected so that they comfortably include the predictions of all known hydrodynamical simulations. This can be verified in Fig. 1 where the grey area indicates the resulting spread in the matter power spectrum for modifications of baryonic parameters within the above prior ranges. In the following we will see that at least for M c and θ ej the priors are wide enough so that the parameters are uniquely constrained by the weak-lensing shear spectrum. This is not the case for the third parameter µ, which, however, has a less important influence on cosmology. All priors are assumed to be flat.
Cosmological parameters
The goal of this section is to investigate and compare different strategies of dealing with baryonic effects on the tomographic weak-lensing shear power spectrum. This allows us to assess potential biases from simplifying assumptions. The strategies are the following:
(i) First, we consider the case where baryonic effects are completely ignored in the prediction pipeline. Although we know this assumption to be inaccurate, we want to quantify the introduced bias on the cosmological parameters.
(ii) Second, we ignore baryonic effects but consider only data from the largest cosmological scales with ≤ 100 (where baryonic effects are subdominant). While this should reduce the biases on cosmological parameters, it will also increase the size of their contours.
(iii) As a third step, we carry out a parameter inference analysis including baryons in the prediction pipeline and and marginalising over all baryonic parameters to determine the cosmology. This should give us a realistic estimate of the expected accuracy from the weak-lensing shear power spectrum alone (assuming a Euclid-like survey).
(iv) Finally, we perform the same exercise, however, this time keeping all baryonic parameters at a fixed value. This corresponds to an ideal situation where baryonic parameters are perfectly determined with external data from gas observations.
For each of these four cases, we run a cosmological inference sampling and we analyse the size of the resulting parameter contours as well as potential biases with respect to the true cosmology of the mock data set. The inference is performed using the Markov-Chain Monte Carlo (MCMC) sampler UHAMMER [57] which is based on the emcee code [58] . Fig. 7 highlights the results for the cosmological parameters (Ω m , Ω b , σ 8 , h 0 , and n s ) while the baryonic and intrinsic-alignment parameters are marginalised over. Scenario (i) of the above list is shown in black, illustrating what happens if the baryonic effects are ignored in the analysis pipeline. While the resulting contours are very tight, they are strongly biased with respect to the true cosmology. Depending on the cosmological parameter, the bias is typically between about 5 and 10 standard deviations. This is a much stronger effect than in original work [59, 60] but in qualitative agreement with more recent findings from Refs. [24, 61] that included the effects of AGN feedback. We conclude that ignoring baryonic effects would lead to very wrong conclusions about cosmology.
The grey contours represent the scenario (ii), where all scales significantly affected by baryons are ignored. According to Fig. 5 , this requires a cut at = 100, which means that only about one third of the available data points are used in the MCMC analysis. While such a strategy of cutting small-scale information does not lead to a noticeable bias (the grey contours are well centred around the true cosmology indicated by the black star), the constraining power remains poor for all parameters.
The red contours of Fig. 7 illustrate the scenario (iii), where all scales are included in the analysis and baryonic effects are modelled according to the baryonic correction model of Sec. 2. The baryonic model parameters are allowed to vary freely within the prior ranges provided in Table 2 . They are marginalised over together with the intrinsic-alignment parameter. The resulting constraints on Ω m and σ 8 are each about a factor of four tighter than the contours from large-scales only. This highlights the importance of including small scales in the analysis of future weak-lensing observations. Other parameters such as Ω b and n s remain rather poorly constrained.
Finally, the blue contours of us that weak-lensing shear alone (without additional data from gas observations) results in surprisingly tight constraints of cosmological parameters. It is unclear whether this will also be the case for extensions of the cosmological model, which could affect the power spectrum in ways that are degenerate with the baryonic effects.
The posterior contours shown in Fig. 7 make it very clear that future weak-lensing surveys such as Euclid or LSST require a proper parametrisation of baryonic effects. In terms of the key cosmological parameters Ω m and σ 8 , parametrising and marginalising over baryonic parameters leads to more than 3 snd 5 times tighter error bars compared to the conservative case where only modes that are unaffected by baryons are considered. In terms of the contour area, which is often used as a measure of the Figure of Merit, the improvement is more than a factor of 15.
The above analysis also shows that external prior information on the baryonic parameters has the potential to further reduce the errors on cosmological parameters. However, for Ω m and σ 8 , the improvement on the individual errors is about 50 percent at best, for the contour area it is not more than a factor of two. This is a noticeable but clearly not a dramatic potential improvement. However, it is possible that adding gas information becomes more important when investigating extensions of the minimal cosmological model. In Paper II [32] , we will combine the angular power spectra with mock data of X-ray gas fractions and we will investigate the models including massive neutrinos and extensions of the ΛCDM model.
Baryonic parameters
We now turn our focus towards the baryonic parameters M c , µ, and θ ej . They describe the gas profiles of galaxy groups and clusters (see Eq. 2.5) thereby affecting the weak-lensing signal. While the baryonic parameters are best constrained using direct gas observations, we will now investigate whether weak-lensing shear data alone can constrain baryonic feedback parameters as well. Fig. 8 shows the posterior contours of the baryonic parameters together with the Ω m and σ 8 parameters. The values of the parameters assumed for the mock data are indicated with black lines (they correspond to the beat-fitting values from current X-ray data, see S19). The red and blue contours correspond to the scenarios (iii) and (iv) from the previous section. The latter does only appear in the top panel, since for this case all baryonic parameters are fixed to their true values. Fig. 8 shows that both the M c and θ ej parameters (describing the slope of the maximum extend of the gas profile) are constrained well beyond the original prior-range. The third parameter µ, on the other hand, shows a rather flat posterior distribution over the full prior range. This is not surprising, since µ has been shown in S19 [1] to be the least sensitive of the baryonic parameters regarding changes of the matter power spectrum.
In summary, Fig. 8 shows that future weak-lensing data will be able to not only constrain cosmology but astrophysical effects such as gas ejection from AGN feedback and its dependence on halo mass. Note, however, that additional data from gas observations will be able to pin down baryonic parameters at much higher precision. In Paper II [32] we will show this at the example of gas fractions from the upcoming X-ray survey eROSITA.
Allowing for additional freedom in the redshift evolution
The baryonic correction (BC) model does not account for any explicit redshift dependence of the gas, stellar, or dark-matter density profiles. The apparent redshift-evolution of the power spectrum (visible for example in Fig. 3) is a result of the fact that at different redshift the signal is dominated by haloes of different mass. Although this implicit redshift evolution is in good agreement with some hydrodynamical simulations, the true redshift evolution of the baryonic suppression effect remains somewhat uncertain [see S19 1] .
In this section, we investigate whether further freedom in the redshift evolution has a significant effect on the posterior contours of cosmological parameters. We therefore introduce an explicit redshift parameter at the level of the matter power spectrum. This is done by replacing the baryonic suppression signal (defined in Eq. All other cosmological and intrinsic-alignment parameters are marginalised over. The red and blue contours correspond to the cases (iii) and (iv) in the text, where the three baryonic parameters are either left free to vary or fixed to the values assumed in the mock (indicated by black lines). The red contours show that a Euclid-like shear power spectrum alone is able to put limits on the parameters log M c and θ ej while µ remains largely unconstrained. Additional observations from X-ray will be able put much more stringent limits on baryonic parameters (see Paper II [32] ).
in Eq. (3.4) . The new parameter γ is allowed to vary freely within the prior ranges γ = [−0.5, 0.5]. If γ > 0 (γ < 0), the baryonic suppression gets reduced (increased) towards higher redshifts, whereas γ = 0 means no change with respect to the previous model. In the left panel of Fig. 9 , we illustrate the effect of the additional γ-parameter on the relative power spectrum (S BCM ). At each redshift, the shaded region shows the additional freedom of S BCM if γ is varied within the prior ranges between γ = −0.5 (lower limit) and Right: resulting posterior contours (at 0.68 and 0.95 confidence level) of the original case (red) and the case with additional marginalised redshift parameter γ. We have checked that the agreement between the two cases is similar for the remaining parameters. γ = 0.5 (upper limit). The solid lines in the centre of the shaded regions indicate the case of γ = 0. The added variability due to the additional redshift parameter grows from zero at z = 0 to nearly the size of the baryon suppression signal at z = 1.5.
The right panel of Fig. 9 shows the Ω 8 -σ 8 contours resulting from MCMC chain including all parameters of Table 2 plus the additional redshift parameter γ (brown).The contour shows no significant change in size compared to the standard case with fixed γ = 0 (red). We have checked that this is also the case for the remaining parameter contours not shown in this plot.
Based on Fig. 9 we conclude that the although the BC model might not be general enough to include the full range of potential redshift dependence, such an effect is unlikely to significantly affect cosmological parameter estimates. This confirms the validity of the results shown in the present paper.
Testing simplifying model assumptions
Current weak-lensing studies generally rely on simplifying assumptions for baryonic effects in their analysis pipeline. For example, baryonic effects are usually not included in the covariance matrix and any potential cosmology dependence of baryonic parameters is ignored. In this section, we evaluate whether it will be acceptable to ignore these effects in the analysis pipeline of future weak-lensing surveys such as Euclid or LSST. . We have checked that the level of agreement between the contours is similar for the other cosmological parameters.
Cosmology dependence of the baryonic suppression
In the first part of this paper, we have established that the baryonic suppression of the power spectrum is sensitive to the mean baryon fraction f b = Ω b /Ω m . While this dependence is fully accounted for in our analysis, this is not the case for other studies where any cosmology dependence of baryonic effects is usually ignored. We now investigate whether this simplifying assumption has any effect on cosmological parameter estimates. The test is performed by comparing the posterior contours of the full analysis with a test-case where the baryonic fraction f b = Ω b /Ω m of Eq. (2.7) is fixed to the Planck-value of f b = 0.155. This means that while gravitational clustering remains sensitive to variations of Ω b and Ω m , the baryonic suppression effect (S BCM ) becomes completely decoupled from cosmology.
In the left panel of Fig. 10 we compare the Ω m -σ 8 contours from a BC model with fixed f b (green) to the generic case with fully cosmology-dependent baryonic parameters (red). Both contours are very similar, showing no significant bias in the Ω m -σ 8 plane. We have checked that the same is true for the contours of all other parameters.
The results presented in the left panel of Fig. 10 retrospectively validate the assumptions made in weak-lensing analysis by KiDS [37] , DES [38] , and HSC [39] , where parametrised baryonic suppression functions were multiplied to the power spectrum without considering any cosmology dependence. Furthermore, the results show that ignoring cosmology dependence of baryonic effects also consist of an acceptable strategy for for future, stage-IV weak lensing surveys. It remains to be checked if these conclusions are also valid for other measures beyond the two-point statistic.
Baryonic effects on the Covariance matrix
In Sec. 3.2, we have calculated the covariance matrix of the tomographic shear power spectrum with and without baryonic suppression effects. The goal of the current section is to establish, if it is sufficient to only account for baryonic effects at the level of the power spectrum or if they also have to be included in the covariance matrix. Note that we only compare the two cases of a dark-matter-only and a fixed baryonified covariance matrix (assuming the benchmark model B-avrg, see S19) and we do not vary the baryonic parameters during the parameter inference.
The right-hand panel of Fig. 10 illustrates the Ω m -σ 8 contours when baryons are ignored (steel blue) and included (red) in the covariance matrix. Both contour areas are very similar in size and they show no noticeable offset with respect to each other. Although Fig. 10 only illustrates the Ω m -σ 8 contours, we have checked that this is also true for all other parameters.
Based on the findings of the section, we conclude that for future stage-IV weak-lensing surveys, it will be sufficient to calculate the covariance matrix of the cosmic shear power spectrum using gravity-only N -body simulations. This considerably simplifies the analysis pipeline of stage-IV weak-lensing surveys.
Reducing the number of baryonic parameters
The baryonic correction model introduced in S19 consists of 5 free parameters, 3 describing to the gas distribution (M c , µ, θ ej ) and 2 related to the stellar component (η star , η cga ). The same parameters (together with the cosmic baryon fraction f b ) were used to construct the baryonic emulator in Sec. 2.3. For the forecast analysis, however, we only varied the gas parameters, whereas the stellar parameters were kept constant. This can be justified by the fact that the stellar fractions are well known from observations and that they have a comparably small effect on the baryonic suppression signal. However, we explicitly show in Appendix B that adding stellar parameters to the inference sampling does not have any noticeable effect on the resulting cosmological parameter contours.
In the present section, we aim to investigate the role of the three baryonic parameters M c , µ, θ ej on the cosmological parameters contours. More specifically, we want to find out if further reducing the number of free baryonic parameters has a noticeable effect on the size of the error bars. We therefore run two additional MCMC chains, one where µ is fixed while M c , and θ ej are allowed to vary, and another one where µ and θ ej are both fixed and only M c is allowed to vary.
The cosmological parameter contours resulting from this exercise are plotted in Fig. 11 . While the red and blue contours correspond to the cases of fully varying and fully fixed baryonic parameters (already shown in Fig. 7) , the magenta and cyan cases show the new results with one (µ) and two (µ, θ ej ) fixed parameters, respectively. As expected, the contours of all cosmological parameters become larger the more baryonic parameters are allowed to vary. The increase is largest when going from 0 to 1 baryonic parameter (blue to cyan). However, there is a further gradual increase of contours when going from 1 to 2 (cyan to magenta) and from 2 to 3 (magenta to red) baryonic parameters. This becomes evident, for example, in the parameter plane of Ω m and σ 8 , where for each added free parameter, the contour areas increase by about ∼ 30 percent. Based on the results of Fig. 11 , we conclude that it is necessary to allow all 3 baryonic model parameters to vary in order to get an accurate estimate of the total error budget. We therefore retain the same baryonic prescription for the analysis pipeline of Paper II.
Conclusions and outlook
Future stage-IV weak lensing surveys will be affected by baryonic processes, more particularly the redistribution of gas due to high energetic feedback effects driven by active galactic nuclei (AGN). In this paper, we carried out a forecast study investigating the effects of baryons on cosmological parameter estimates for a Euclid-like weak-lensing survey. We run a suite of simulations to construct a mock data set consisting of a tomographic shear power spectrum and a corresponding covariance matrix covering the range = 20 − 4000. Based on this mock, we run a MCMC chain, simultaneously varying five cosmological (Ω m , Ω b , σ 8 , h 0 , n s ), one intrinsic alignment (A IA ), and three baryonic (M c , µ, θ ej ) parameters. The resulting posterior contours are compared to other likelihood analyses, where baryonic effects are either ignored or fixed to the true value. In the following, we list the main conclusions obtained from this investigation:
• Ignoring the effects of baryons in the prediction pipeline leads to very wrong conclusions in terms of cosmology. All cosmological parameters are biased by 5 standard deviations or more compared to the assumed cosmology of the mock data-set. Furthermore, ignoring baryons results in a severe underestimation of the theoretical uncertainties, leading to very tight contours and the false impression of high accuracy.
• One straight-forward way to reduce the bias without properly modelling the baryonic effects is to only include the largest cosmological modes that remain unaffected by baryonic feedback. This strategy, however, requires a cut at 100, which means that most of the data remains unused. While this approach indeed gets rid of the bias, it leads to strongly increased error-bars of the cosmological parameters. Regarding σ 8 and Ω m , the 95 percent confidence levels increase by more than a factor of 3 and 5, respectively. In terms of contour areas, this corresponds to an increase of a factor of 15. Hence, ignoring all scales affected by baryons strongly reduces the constraining power of stage-IV weak lensing surveys.
• Including baryonic effects via the baryonic correction model (assuming 3 free baryonic parameters) results in tight (and unbiased) posterior contours of cosmological parameters. This is especially true for Ω m and σ 8 , whereas h 0 and n s are less well constrainable.
We also obtain constraints on for baryonic parameters themselves, which means that future shear observations can be used to learn more about feedback processes.
• Next to the strategy of including baryonic parameters and marginalising over them, we have also investigated what happens to the cosmological parameters if the baryonic parameters are fixed to their true value. This corresponds to an idealistic case where baryonic effects are fully constrained by external data (such as X-ray or SZ observations, for example). Fixing baryonic parameters leads to a ∼ 20 − 30 percent reduction of errors for σ 8 , Ω m , while the improvement is about 50 percent for h 0 and a factor of 3 for n s . However, considering that the latter two parameters are already strongly constrained by CMB observations, we conclude that parametrising baryonic effects and marginalising over the baryonic parameters leads to surprisingly strong constraints on cosmology.
• The baryonic suppression effect shows a weak dependence with the cosmological parameters Ω b and Ω m while other parameters are not affected. This is because the cosmic baryon fraction f b = Ω b /Ω m determines the amount of available gas that is involved in the feedback process. In terms of the baryon-induced suppression of the matter power spectrum, the amplitude of the suppression increases by about a factor of two if f b is changed by a factor of two. However, despite this obvious link between baryonic and cosmological effects, we have shown that fixing f b to a constant value in the BC model does not lead to a bias in the posterior contours. This means that correcting the nonlinear clustering signal in a cosmology independent way is an acceptable approximation to account for baryonic effects for a Eiclid-like survey.
• We have constructed two versions of the covariance matrix one with and one without baryonic correction effects, running MCMC chains for both. We found no noticeable difference of the posterior contours between the two cases. Therefore, we conclude that, while baryonic effects play an important role in the prediction of the angular power spectrum, it is safe to neglect them in the covariance matrix.
• Finally, we have investigated what happens if the baryonic correction model with originally 3 free parameters (M c , µ, θ ej ) is reduced to 2 parameters (M c , θ ej ) or 1 parameter (M c ) instead. We showed that each baryonic parameter contributes to the cosmological parameter contours, justifying the use of 3 parameters to describe the baryonic effects on the weak-lensing signal.
The analysis presented here is based on the baryonic correction model of S19 [1] , which consists of an empirical method to model baryonic effects on the large-scale density field of the universe. The model is consistent with full hydrodynamical simulations showing 2 percent agreement or better with respect to the power spectrum at redshift zero and up to k ∼ 10 h/Mpc. Note, however, that the model currently does not assume any explicit redshift dependence of the gas profiles. Current X-ray observation and some hydrodynamical simulations are consistent with this assumption, but rather large uncertainties remain. We have run a MCMC chain where we allowed for additional freedom in the redshift dependence of the baryonic power suppression. This additional redshift parameter does not lead to significantly different posterior contours, confirming that the above results are not driven by too restricted model assumptions regarding the redshift evolution.
In a companion paper [32, Paper II] we will extend the present analysis to a more realistic cosmological model that includes massive neutrinos. Furthermore, we will investigate three straight-forward extensions to ΛCDM, a dark energy model with dynamical equation of state (wCDM), a modified gravity model based on the f (R) extension of the Einstein-Hilbert action (fRCDM), and a model with a mixed dark matter sector (ΛMDM). Another goal of Paper II is to investigate how much can be gained in terms of cosmological parameter contours, if Euclidlike data from the weak-lensing shear power spectrum is combined with X-ray observations of the cluster gas fractions from the upcoming eROSITA survey. background N -body simulation. This assumption allowed us to increase the experimental design to N ED = 1000, thereby improving the accuracy of the emulator to a higher level. In this Appendix, we provide further evidence as to why this assumption is valid. Fig. 2 of the main text shows that the baryonic suppression signal does not depend on the cosmological parameter h 0 , σ 8 , and n s while it is affected by the variation of the cosmic baryon fraction f b = Ω b /Ω m . This is not surprising, since the baryonic correction model directly depends on f b , whereas all other cosmological parameter only come in through changes of the underlying N -body simulation. However, since we are only emulating the ratio of two power spectra (with the same underlying cosmology), these effects cancel out.
In Fig. 12 we show that if Ω m (and therefore f b ) is varied in the underlying N -body simulation without changing f b in the formalism of the baryonic correction model, then the baryonic suppression signal is only affected at the sub-percent level below k ∼ 10 h/Mpc. Conversely, this means that any cosmology dependence of the baryonic suppression effect comes from Eq. (2.7) (that explicitly depends on f b ) and not from the underlying N -body simulation. As a consequence, we can use the same simulation to construct our emulator without compromising its accuracy at a significant level.
A.2 Emulator performance
In Sec. 2.3 of the main text, we have presented the baryonic emulator, quantified its overall precision (see Fig. 4 ), and we have shown a comparison between emulator and baryonic correction model for two selected sample points in the parameter space (Fig. 3) Table 3 . Parameter values of the sample on which the baryonic emulator is tested. The test sample is randomly selected based on the LHC sampling method and does not coincide with the sample points from the experimental design (which is used to construct the emulator).
design (ED) on which the emulator has been constructed. The parameter values of the six sample points are given in Table 3 .
In Fig. 13 we show a comparison of the relative power spectra obtained from the baryonic emulator (dashed) and directly from the baryonic correction model (solid) for each of the six test-sample points. In order to provide a good overview, we again include the power spectra illustrated in Fig. 3 of the main text. However, this time we not only show the redshifts (z emu ) on which the emulator has been constructed (z emu = 0, 0.5, 1.0, 1.5, 2.0), but also intermediate redshifts (z interp = 0.234, 0.767, 1,281, 1.798), where the emulation code interpolates between the emulated values. The results from the sample points 0-5 are arranged from top-left to bottom-right (aways one panel showing the power spectra at z emu and one at z interp ). The first and the third panel of the top row are identical to Fig. 3 .
From Fig. 13 we conclude that the emulation is well performed within a 1 − 2 percent error margin in most of the considered cases. However, there are some outliers at some specific redshifts and k-modes, where the errors of the emulator increases to the 2 − 3 percent level. This qualitative conclusion is in agreement with the more quantitative error analysis of Sec. 2.3.
Yet another way to illustrate the performance of the baryonic emulator is to visualise the errors per redshift z and not per sample point. The results are presented in Fig. 14. In terms of maximum absolute error, the emulation performance is worst at redshift 0 (with max(P emu /P true − 1) = 3.296) and best at redshift 2 (with max(P emu /P true − 1) = 1.512).
B Cosmological inference: why 3 (and not 5) baryonic parameters?
Both the baryonic emulator and the underlying baryonic correction model are based on 5 baryonic parameters (M c , µ, θ ej , η star , η cga ). However, the forecast analysis presented in Sec. 4 is limited to the variation of the gas parameters (M c , µ, θ ej ), whereas the stellar parameters (η star , η cga ) are fixed to their benchmark values.
In the main text, we have justified the restriction to 3 baryonic parameters with the fact that the stellar parameters (η star , η cga ) have a comparably small effect on the matter power spectrum that only becomes apparent at relatively small scales (see for example Fig. 2 of S19). Furthermore, the parameters are already well constrained with the observed luminosity function coupled to dark matter theory via the abundance matching techniques [e.g. Refs 33, 64] . Note that abundance matching galaxies to haloes is not independent of cosmology. However, we do not expect substantial changes of η star , η cga for reasonable modifications of cosmological parameter values (for example within the prior range of our analysis). Table 3 .
In this Appendix, we test the effects of varying η star and η cga (together with the other baryonic cosmological and intrinsic-alignment parameters) on the posterior contours of our forecast analysis. We thereby assume the flat priors η star ∈ [0.2, 0.4] and η cga ∈ [0.5, 0.7]. All other priors are given in Table 2 of the main text. Fig. 15 shows the resulting posterior contours for the five cosmological parameters (Ω m , Ω b , σ 8 , h 0 , n s ). The black lines indicate the true cosmology assumed when for the construction of the mock observations. The red contours illustrate the result from the original forecast analysis with 3 baryonic parameters (M c , µ, θ ej ), already shown in Fig. 7 and 11 from the main text. The black contours, on the other hand, correspond to the extended cosmological inference analysis including all 5 baryonic parameters (M c , µ, θ ej , η star , η cga ). The red and black contour areas are very similar. Although we added two new parameters, the black contours have not become larger than the red ones. This means that varying stellar parameters (η star , η cga ) has no noticeable effect on the cosmological parameter estimates. We therefore conclude that fixing the stellar parameters to their default values is a valid approximation for future stage-IV weak-lensing surveys. Figure 15 . Comparison of the posterior contours when we extend the number of free baryonic parameters from 3 (red) to 5 (black). The former corresponds to the default setup applied in our forecast analysis of Paper I and II. The latter includes all free parameters originally proposed in the S19. The black lines indicate the true cosmology of the mock sample.
